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(57) Abstract 

A guide wire (15) for supporting monopolar arcing for cutting tissue and for ablating occlusions includes a flexible metal 
wire (302) including a distal end, an electrically insulating coating (306) extending along the wire, and an electrically and thermal- 
ly insulating tip (310) having a distal end and attached to the wire, the wire extending through the electrically and thermally insu- 
lating tip and forming an electrode (312) at the distal ends of the wire and the tip. An electrosurgical apparatus for cutting tissue 
and for ablating occlusions includes a pulse generator (5, 6) having a variable output impedance for selectively generating a train 
of pulses of electrical energy for application to a guide wire (15) having an attached electrode. The pulse generator senses the load 
impedance and adjusts the output impedance to match the load impedance. The generator measures the relative electrical energy 
produced by an arc in response to a pulse, compares the relative electrical energy to a predetermined value to determine an energy 
difference, and adjusts the energy of a subsequent pulse to reduce the energy difference toward zero. 
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The present invention concerns an electrosurgi- 
cal apparatus and method for ablating tissue and 
occlusions, particularly within liquid-filled lumens 

15 and organs of animals, such as arteries and vessels 
of a human, with an electrical arc produced at an 
electrode and without damaging adjacent tissue. 
More particularly, the invention concerns (i) an 
apparatus providing an impedance match between an 

20 electrosurgical electrode and its environs and the 
source of electrical pulses and controllably 
adjusting the electrical energy of the pulses to 
produce an arc of desired energy, (ii) a guide wire 
having an electrode for supporting monopolar arcing, 

25 particularly within a lumen, and (iii) a method of 
supplying pulsed energy for cutting tissue and 
ablating occlusions without damaging adjacent 
tissue. 

30 fopKgrowid Art 

The use of electrical arcing in surgical proce- 
dures has been known for some time. In one external 
application, an electrical scalpel, sometimes re- 
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f erred to as a Bovee knife, is employed to simulta- 
neously make an incision and cauterize the incised 
tissue • In the use of that apparatus, a surgeon can 
visually observe the arcing between the knife and 
5 tissues and the cutting of the tissue. The surgeon 
can make adjustments in the position of the scalpel 
or in the electrical signal for controllably making 
and cauterizing an incision * For example , if the 
arc is observed to be too strong, either the eiec- 

10 trical energy supplied to the scalpel can be reduced 
or the scalpel can be moved to a position farther 
from the tissue. 

Electrical ablation of occlusions within 
lumens, such as arteries and vessels, has also been 

15 known for some time. In that technique, a wire, 

catheter, or other implement, generically referred 
to here as a wire, having an electrode at its end is 
inserted into a vessel or artery and moved to a po- 
sition adjacent an occlusion. Once an occlusion is 

20 encountered, electrical energy, usually in the form 
of pulses, is supplied to the electrode so that arc- 
ing occurs. The plague forming the occlusion is 
vaporized or reduced to very small particles if the 
arcing ablation proceeds as intended. In some appa- 

25 ratus, for example, the type described in U. S. Pat- 
ent 4,682,596 to Bales et al, a bipolar catheter is 
employed. In a bipolar catheter, two wires are in- 
serted in the lumen and two electrically isolated 
electrodes are present at the end of the catheter. 

30 Arcing occurs between the two electrodes . In other * 
known apparatus, an example of which is described in 
PCT Application WO90/07303 to Janssen, a monopolar, * 
rather than bipolar, catheter may be employed. A 
monopolar catheter is used in conjunction with a 
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dispersive electrode or ground pad that is placed on 
a portion of an animal's body, such as a human's 
belly or thigh, which provides an electrical return 
path. Arcing then occurs between a single electrode 
5 at the end of the catheter and the grounded body. 
Janssen also discloses a bipolar arcing catheter 
apparatus . 

In addition to occlusion removal, percutaneous 
electrosurgery may be carried out in other liquid- 

10 containing body cavities or lumens where visual ob- 
servation is difficult or impossible. For example, 
arthroscopic procedures may be used for releasing or 
shaping ligaments. In laparoscopic techniques, 
nerves may be severed, tissues may be incised, and 

15 parts or all of organs removed through a relatively 
small incision that is far less invasive than con- 
ventional surgery. Urological surgery, such as 
transurethral resection of the prostate and ablation 
of cancerous tissues, also may be carried out using 

20 electrosurgical techniques. Vascular ablation has 
already been extended to plaque ablation within the 
heart in the presence of blood. In all of these 
procedures, the cavity, lumen, or organ in which the 
electrosurgery takes place is partially or complete- 

25 ly filled with a fluid, such as blood or a saline 
solution, that affects and usually interferes with 
the electrosurgery. 

There is a significant difference between ex- 
ternal electrosurgery,. such as the use of the Bovee 

30 knife, and other internal vascular electrosurgery, 

such as occlusion ablation. In internal electrosur- 
gery, it is impossible to observe the arcing causing 
plaque removal or cutting of tissues. In fact, it 
is even difficult to determine the position of the 
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electrode where arcing is taking place. Janssen 
suggests the use of ultrasound to determine the lo- 
cation of the electrode. Other techniques include 
adding a contrast medium for fluoroscopic observa- 
5 tion of the position of the electrode. While these 
and other techniques may permit determination of the 
location of an electrode, they do not permit obser- 
vation or control of arcing to ensure that an arc 
occurs and has particular qualities. 

10 Producing an arc, particularly a monopolar arc, 

within a liquid, such as a saline solution or blood, 
presents difficult problems. For example, the effi- 
ciency of the arcing and tissue removal decreases 
significantly as compared to external electrosur- 

15 gery. The typical response to this efficiency prob- 
lem with known electrosurgical apparatus is an in- 
crease in the electrical power applied to the elec- 
trode. However, increased power may cause damage to 
tissue remote from the surgical site, increase the 

20 risk that the surgeon will receive an electrical 
shock, raise the probability of undesired tissue 
charring or excessive incision, and cause loss of 
sensitivity in the surgeon's control. 

It is well known that the electrical impedance 

25 of an . electrosurgical electrode and connecting wire 
varies depending upon the position, i*e. , depth of 
insertion, relative to a body, the quantity of adja- 
cent liquid r if any, and other variable factors. 
The prior art has not taken into account the varying 

30 load impedance as a wire and electrode are advanced 
in a body cavity or lumen or the effect of the im- 
pedance change on the energy of an arc and the re- 
sulting surgical process. In an electrosurgical 
scalpel application,. i*e», in a dry environment, it 
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has been recognized that, as moisture is driven from 
tissue by bipolar arcing, impedance increases and 
can result in problems such as adhering of instru- 
ments to tissue (see, for example, U. S. Patent 
5 4,658,819 to Harris et al). 

pj^plpsmre of The jnvention 

It is a general object of the invention to pro- 

10 vide an electrosurgical apparatus for cutting tis- 
sues and for ablating vascular occlusions by produc- 
ing controlled arcing. 

It is an object of the invention to provide a 
guide wire including an electrically insulated wire, 

15 an electrically and thermally insulating tip mounted 
on an end of the wire that extends into the tip as 
an electrode for monopolar arcing within a lumen, 
the guide wire being highly flexible and having a 
radiopaque portion for simple identification of its 

20 location with x-ray apparatus. 

Another object of the invention is the 
generation of a pulse train in bursts, each pulse 
having a relatively high instantaneous energy, for 
ablating occlusions and tissue and a relatively low 

25 continuous average energy for each burst of pulses 
in order to avoid damage to or excessively heat 
adjacent tissue. 

Yet another object of the invention is to 
provide an apparatus for generating a train of 

30 pulses of electrical energy supplied to an 
electrosurgical electrode wherein the output 
impedance of the source of the pulses is continually 
matched to the load impedance presented by the 
electrosurgical electrode and its environs. 
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Still another object of the invention is to 
provide an apparatus for generating a train of 
pulses of electrical energy supplied to an 
electrosurgical electrode in which the energy of an 
5 arc at the electrosurgical electrode produced by a 
pulse is monitored and the energy of subsequent 
pulses is adjusted in response to the monitored en- 
ergy to adjust the arc energy toward a predetermined 
value. 

10 A guide wire according to the invention for 

supporting monopolar arcing comprises a flexible 
metal wire including a distal end , an electrically 
insulating coating extending along the wire, and an 
electrically and thermally insulating tip having a 

15 distal end and attached to the wire, the wire ex- 
tending through the electrically insulating tip and 
forming an electrode at the distal ends of the wire 
and the electrically insulating tip. 

A method of cutting tissue and ablating occlu- 

20 sions according to the invention includes inserting 
the end of a guide wire and part of the guide wire 
into one of a fluid-filled lumen, body cavity, and 
organ of an animal and generating and applying a 
burst of relatively high energy pulses, each pulse 

25 having a peak envelope power exceeding one thousand 
watts, the pulse burst having an average continuous 
power of less than ten watts, to the guide wire and 
thereby producing arcing at the end of the guide 
wire. 

30 According to one aspect of the invention, an ? 

electrosurgical apparatus for cutting tissue and for 
ablating occlusions includes means for selectively * 
generating a train of relatively high energy and 
relatively low energy pulses of electrical energy 
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for application to an electrically insulated wire 
having an attached electrode, the means for selec- 
tively generating having a variable output impe- 
dance, a load impedance comprising an impedance of 
5 the electrode, the wire, and their environs; means 
for sensing the load impedance relative to the out- 
put impedance in response to a train of low energy 
pulses applied to the wire and for adjusting the 
output impedance to match the load impedance in re- 

10 sponse to the sensed load impedance relative to the 
output impedance; and means for controlling the 
means for selectively generating and the means for 
sensing and adjusting to generate a train of low 
energy pulses and to match the output impedance to 

15 the load impedance and for subsequently generating a 
train of high energy pulses for producing an arc at 
the electrode. 

In accordance with a second aspect of the in- 
vention, an electrosurgical apparatus for cutting 

20 tissue and for ablating occlusions includes means 
for generating a train of variable energy pulses of 
electrical energy for application to an electrically 
insulated wire having an attached electrode for pro- 
ducing an arc; means for measuring relative electri- 

25 cal energy produced by an arc at the electrode pro- 
duced by a pulse; means for comparing the relative 
energy to a predetermined value to determine an en- 
ergy difference; and means for adjusting the elec- 
trical energy of a subsequent pulse in response to 

30 the energy difference to reduce the energy differ- 
ence for the subsequent pulse toward zero. 
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Brief Desc ription Of The Drawings 

t 

Figure 1 is a block diagram of a vascular oc- 
clusion ablation apparatus according to an embodi- 
5 ment of the invention. 

Figure 2 is a schematic diagram of an embodi- 
ment of an amplifier that may be used in an appara- 
tus according to the invention. 

Figure 3 is a schematic diagram of an embodi- 
10 ment of an impedance tuner that may be used in the 
invention. 

Figure 4 is flow diagram illustrating a method 
of establishing an impedance match in an apparatus 
according to the invention. 
15 Figure 5 is schematic diagram of a balun and 

ground fault interrupter that may be used in an em- 
bodiment of the invention. 

Figure 6 is a sectional view of an embodiment 
of a guide wire according to the invention. 
20 Figure 7 is a schematic diagram of a filter for 

monitoring pulse energy that may be used in an appa- 
ratus according to an embodiment of the invention. 

Figure a is a schematic diagram of an integra- 
tor that may be employed in an embodiment of an ap- 
25 paratus according to the invention. 

Detailed Description Of Preferred Embodiments 

Figure 1 is a schematic block diagram of an 
30 embodiment of an electrosurgical apparatus 1 accord- . 
ing to the invention. The electrosurgical apparatus 
1 includes a microprocessor 2 providing the control 
functions described below. The microprocessor 2 
includes a controller 3 for controlling the input 
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and output of information and instructions as well 
as controlling other parts of the microprocessor and 
the overall apparatus. 

The apparatus generates pulses of electrical 
5 energy to produce arcing at an electrode to cut tis- 
sue and ablate an occlusion. The energy pulses are 
a modulated continuous wave signal. The continuous 
wave signal is generated by an oscillator 5. The 
oscillator 5 may be a conventional crystal con- 

10 trolled oscillator, such as a Colpitts oscillator. 
A preferred frequency of oscillation is 6.78 MHz. 
This frequency is allocated for medical uses and, 
through experimentation, it has been determined that 
it is suitable for arcing ablation in contrast to 

15 some of the other frequencies that are allocated for 
medical applications and that have been traditional- 
ly used in electrosurgical equipment, such as the 
second and fourth harmonic of 6.78 MHz. The capaci- 
tive coupling between the wire with an attached 

20 electrode and the body of the animal being treated 
increases with frequency, making delivery of suffi- 
cient power for arcing to the wire increasingly dif- 
ficult as frequency increases. However, at 6.78 
MHz, the capacitive coupling and size of the appara- 

25 tus are reasonable. 

The continuous wave signal generated by the 
oscillator 5 is supplied to a pulse modulator 6 that 
is peart of the microprocessor 2. Preferably, the 
microprocessor 2 is an Intel 80386 or a similar type 

30 of microprocessor with which conventional disk oper- 
ating software (DOS) can be employed so that the 
programming of the microprocessor can be easily car- 
ried out. In a preferred embodiment of the inven- 
tion, the pulse modulator produces a train of twenty 
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pulses each time the pulse modulator receives a 
"fire ir signal from a switch 7. A typical pulse 
width is 200 microseconds and the pulses are typi- 
cally spaced 2 milliseconds apart. A pulse shape 
5 that has been found to work well in electronic sig- 
nal processing is a cosine squared shape. Ac- 
cordingly, using conventional programming tech- 
niques, a train of cosine squared pulses is generat- 
ed in the pulse modulator 6 and modulates the con- 

10 tinuous wave signal* 

. It is known that there is sometimes a muscular 
reaction to the application of electrical pulses to 
tissues in animals* To reduce that twitching, the 
pulse modulator 6 also produces white noise that 

15 further modulates the cosine squared pulses. Thus, 
the pulse train which is supplied by the pulse modu- 
lator 6 to an amplifier 8 is a train of pulses, each 
pulse having a cosine squared shape modulated by 
white noise, and having a basic frequency of 6.78 

20 MHz. The pulse modulation is thus carried out using 
software rather than hardware . The invention is not 
limited to the use of cosine squared pulses, and 
other waveforms, such as triangular and trapezoidal 
pulses, may be generated by the software and pulse 

25 modulator 6. Preferably, the pulse modulator 6 in- 
corporates a watchdog timer that resets the entire 
microprocessor if a fault occurs in the execution of 
the modulation software. The watchdog timer "times 
out" and produces a reset signal if it does not re- 

30 ceive a predetermined number of pulses within a pre- 
determined time interval. 

The amplifier 8 is capable of producing rela- 
tively high putput energy, up to 2.5 kilowatts peak 
envelope power with an average power of 50 to 700 
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watts. The amplifier 8 also selectively produces a 
relatively low energy output for determining the 
impedance of the load and tuning the output imped- 
ance of the apparatus including an impedance tuner 9 
5 described below. 

An embodiment of an amplifier 8 is shown in a 
schematic view in Figure 2. Initially, the pulse 
train from the pulse modulator 6 is applied to a 
conventional preamplifier 101. The output signal 

10 from the preamplifier 101, referred to here as the 
low energy signal, is directly used in tuning 
the impedance tuner 9 as described below. When a 
relay 102 receiving the low energy signal is in the 
position indicated in Figure 2 by the solid lines, 

15 the low energy signal is supplied to a conventional 
dual directional coupler 103. That coupler includes 
an input port for receiving the low energy signal 
and an output port connected to an amplifier output 
terminal 104 when a relay 105 is in the position 

20 indicated in Figure 2. The dual directional coupler 
103 samples the low energy signal from the preampli- 
fier 101, i.e., the forward low energy signal, as 
well as the low energy signal reflected from the 
load, e.g., a wire within the lumen or an electro- 

25 surgical knife and their respective cables and envi- 
rons, as described below. The reflected low energy 
signal enters the output port of the dual direction- 
al coupler 103 and is sampled. The sampled forward 
and reverse low energy signals pass through sepa- 

30 rate, identical circuits, respectively including 

impedance transformers 106 and 107 , with respective 
resistive loads to match the impedance of the output 
ports of the directional coupler 103. The circuits 
respectively include diodes 108 and 109 for respec- 
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tiveXy detecting the envelopes of the low energy 
forward and reflected signals which, after passing 
through respective low pass filters , are passed to a 
signal processing section 10 of the microprocessor 2 
5 for calculation of the ratio of the forward energy 
of the low energy signal to the reverse energy of 
the reflected low energy signal f i*e. , the quality 
of the impedance match between the output impedance 
of the apparatus generating the pulse train and the 
10 load impedance of the wire and electrode within the 
lumen. 

When the relay 102 is switched to the alterna- 
tive position shown in Figure 2, the low energy sig- 
nal from the preamplifier 101 is passed to a driver 

15 circuit 120 f another amplifier stage. The driver 
circuit 120 includes transistors 121 and 122 that 
are driven 180° out of phase by supplying the pre- 
amplif ied low energy signal through a transformer 
123 to the two transistors. The resistors and ca- 

20 pacitors otherwise shown as part of the driver cir- 
cuit 120 in Figure 2 are employed to supply appro- 
priate bias voltages to the transistors. The driver 
circuit diodes are employed for temperature compen- 
sation. The out-of -phase signals produced by the 

25 transistors 121 and 122 are combined in a transform- 
er 124, a matching transformer that transfers the 
amplified signal to a power amplifier 130. The 
transformer 124 is also used to supply a negative 
feedback signal to the driver circuit 120, improving 

30 the linearity of the gain of the driver circuit with 
respect to frequency. 

The power amplifier 130 is fundamentally simi- 
lar to the driver circuit 120. The high energy sig- 
nal output from the power amplifier 130 is supplied, 
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through the primary winding of a transformer 131, to 
a nine pole low pass filter 140 including five ca- 
pacitors and four inductors to reduce the harmonic 
content of the high energy signal produced by the 
5 power amplifier 130. The high energy signal is sup- 
plied to the output terminal 104 when the relay 105 
is switched to the alternative position shown in 
Figure 2. A transformer 131 is part of a high power 
directional coupler 132. That coupler samples, 

10 through transformer 131, the forward energy, i.e., 
the high energy signal, of the amplifier 130 as well 
as the reflected energy, i.e., the high energy sig- 
nal reflected from the load impedance, indicating an 
impedance mismatch. Those forward and reverse high 

15 energy signals may likewise be supplied to the sig- 
nal processing section 10 of the microprocessor 2 
shown in Figure 1 for additional analysis of the 
quality of the match between the output impedance of 
the pulse source and the load impedance, if desired. 

20 Returning to Figure 1, the output signal, ei- 

ther the low energy signal or the high energy sig- 
nal, is selectively supplied from the amplifier 8 in 
response to the controller 3 to the impedance tuner 
9. The impedance tuner 9 provides a means for al- 

25 tering and improving the impedance match between the 
source impedance and the load impedance, improving 
the efficiency of energy transfer. The term "imped- 
ance match" as used here does not always mean an 
exact conjugate impedance match. Rather, as used 

30 here, the term "impedance match" means the closest 
possible matching of the output impedance of the 
pulse generating portion of the apparatus to the 
load impedance, for example, a cable, wire, elec- 
trode, lumen, and environs. That match may be an 
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exact conjugate match but may also be a best avail- 
able^ non-conjugate impedance match that improves 
the efficiency of power transfer over that which 
could be achieved without the impedance tuner 9. An 
5 embodiment of the impedance tuner 9 is shown in Fig- 
ure 3. 

In the impedance tuner of Figure 3, the output 
signal, at either high or low energy, from the am- 
plifier 8 is applied as an input signal to an auto- 

10 transformer 150 that includes eight taps along its 
primary winding. The input side of that winding is 
also connected to each of four capacitors 151-154 
which are respectively connectable to ground through 
respective relays 155-158. Similarly, each of the 

15 eight taps on the primary winding of the autotrans- 
f ormer 150 is connected through a respective relay 
160-167 to an output line that is connectable 
through another relay 168 to the output terminal of 
the impedance tuner. The relay 168 determines 

20 whether the energy output from the impedance tuner 
is delivered to a dummy load or to a balun trans- 
former that provides the connection to the load. 
Relay 168 is actuated by the controller 3 of the 
microprocessor 2. The output line of the impedance 

25 tuner is connected to each of four capacitors 171- 
174 which are respectively connectable to ground 
through relays 175-178. 

The impedance tuner 9 enables the formation of 
a ir circuit including an inductor with capacitors 

30 connected to ground on either side of the inductor. 
The value of the inductor is determined by selecting 
one of the taps on the winding of the autotransf orm- 
er by closing one of relays 160-167. The value of 
the capacitance at the input side of the inductor is 
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determined by closing one or more of relays 155-158. 
None of those relays needs to be closed, all of 
those relays may be closed simultaneously, or one or 
more of those relays may be closed. Likewise, the 
5 value of the capacitor at the output side of the it 
circuit is chosen by closing combinations of relays 
175-178. Again, none, all, or some of the relays 
175-178 may be closed. The particular relays that 
are closed is determined by the controller 3 which 

10 supplies actuating signals to the relays through 

respective buffer circuits 180 and 181. The values 
of capacitors 151-154 (and 171-174) are chosen so 
that each successive capacitor is about one-half of 
the capacitance of the preceding capacitor and ca- 

15 pacitances, excluding zero capacitance, extending by 
a factor of 15 from the lowest capacitance to the 
highest capacitance can be achieved by actuating 
various relays. The impedance tuner circuit 9 of 
Figure 3 permits 2,048 different circuits to be con- 

20 nected from the switchably inter connect able capaci- 
tances and inductors. 

An impedance tuner in accordance with the in- 
vention is not limited to the embodiment of Figure 
3. The number of connectable capacitors at the in- 

25 put and output sides of the inductor can be greater 
or fewer than four. The number of taps on the auto- 
transformer may be greater or fewer than eight. A 
different circuit arrangement that is not a ir filter 
may be employed with a plurality of switchably con- 

30 nectable reactive elements. The purpose of the tun- 
er 9 is served by providing a number of reactive 
components, i.e., capacitors, inductors, or capaci- 
tive devices such as pin diodes, that may be selec- 
tively interconnected in order to provide a variety 
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of circuits of different impedances for matching the 
output impedance of the source of energy pulses , 
including the tuner, to a load impedance. Examples 
of other elements that may be used as or in an im- 
5 pedance tuner include a tunable or adjustable induc- 
tor, capacitor , or transformer, for example, having 
a value selectable by electromechanical means , such 
as a motor. 

A process for achieving the impedance match is 

10 illustrated in Figure 4. As shown in Figure 4, when 
the switch 7 is initially actuated at step 201, a 
determination is made in the microprocessor 2 as to 
whether the load impedance has not yet been matched 
to the output impedance. The controller 3 within 

15 the microprocessor 2 then controls the amplifier 8 
to produce the low energy pulsed signal and to sup- 
ply that low energy signal to the load through the 
impedance tuner 9. At step 202, the number of the n 
possible combinations of impedances in the impedance 

20 tuner 9, 2,048 combinations in the embodiment of 
Figure 3, is set to zero. At step 203, the number 
of the combinations is incremented by one, initially 
to 1, so that the first of the possible circuitry 
combinations of the tuner 9 is selected from a list 

25 of all such combinations stored in a memory (not 
shown) within the controller 3 or outside but con- 
nected to the microprocessor 2 and communicating 
with the controller 3. At step 204, the forward low 
energy and reverse low energy signals are sampled by 

30 means of the dual directional coupler 103. Those 
sampled low energy signals are supplied in analog 
form to a signal processor 10 within the micropro- 
cessor 2. The signal processor 10 includes an ana- 
log-to-digital converter that converts the forward 
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and reverse low energy signals to digital values and 
determines the ratio of forward to reverse energy. 
The ratio for the circuit combination under test is 
stored in the memory associated with the controller 
5 3. At step 205, a test is made to determine whether 
all of the m impedance tuner combinations have been 
tested for the quality of the match. If not, steps 
203-205 are repeated until all m combinations have 
been tested and the ratio of forward to reverse en- 
10 ergy has been obtained for each combination. The 
highest ratio value indicates the best impedance 
match. 

Once the ratios for all the combinations have 
been determined, in step 206, the maximum ratio is 

15 selected by the controller 3 and a test in step 207 
is applied to determine whether an adequate imped- 
ance match can be achieved. A predetermined minimum 
acceptable forward-to-reverse energy ratio , such as 
4, is specified in the controller 3. If that degree 

20 of matching cannot be achieved, then an error mes- 
sage is generated at step 208 and the apparatus is 
prevented from generating high energy pulses until 
corrective action is taken. Otherwise, at step 207, 
if adequate impedance matching can be achieved, the 

25 combination of reactive elements producing the high- 
est forward-to-reverse energy ratio is connected in 
the impedance tuner 9 by the actuation of selected 
relays in response to signals supplied by the con- 
troller 3. The amplifier 8 is switched at step 209 

30 to high energy output by actuation of the relays 102 
and 105, and a high energy pulse train is supplied 
through the impedance tuner 9 to the wire in the 
lumen to produce an arc at an electrode adjacent an 
occlusion, as described below. 
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Preferably, after an initial impedance match is 
established with the impedance tuner 9, at step 210 
the microprocessor 2 retains the combinations of 
relay closings, i.e., impedance matching circuits, 
5 that provide the best matches for a subset of the 
total possible circuit combinations, for example, 
for sixty-four combinations of relay closings of 
2,048 possible combinations. In each subsequent 
actuation of the switch 7, the process flow passes 

10 from test 201 to step 211 so that only that subset 
of stored closest impedance matches, e.g., sixty- 
four combinations, is tested in step 211 to find the 
closest match rather than all possible impedance 
matching circuit combinations. Again, the closest 

15 match, i.e., the highest forward-to-reverse energy 
ratio, is selected at step 206. Generally, the 
pulse train is repeatedly applied to remove an oc- 
clusion. The impedance change after each arcing is 
relatively small. Thus, rather than enduring a de- 

20 lay of two to fifteen seconds while all combinations 
of circuitry available with the impedance tuner 9 
are tested, a prompt impedance match is achieved 
after only a subset of all possible combinations is 
tested so that ablation can continue without undue 

25 delay. A shift in the best impedance match located 
centrally amongst the subset of ratios tested again 
is detected in step 212 . In response to such a 
shif t, entries within the subset of combinations are 
deleted while others are added in step 213 so that 

30 the selected impedance match remains near the mid- 
point of the subset. The changed subset is stored 
again at step 210. A large impedance change may 
occur in the course of an electrosurgical procedure, 
e.g., when the electrode is moved to a new position. 
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If the best impedance match falls at one of the ex- 
tremes of the subset, as determined at test 214, 
suggesting a large load impedance change, the pro- 
cess defaults to step 202 so that all possible im- 
5 pedance match combinations are again tested. 

Figure 5 is schematic diagram of a balun and 
ground fault interrupter used in an embodiment of 
the apparatus in accordance with the invention. In 
Figure 5, a balun 11, also shown in Figure 1, is a 

10 transformer. That balun 11 provides radio frequency 
isolation from ground of the energy pulses as well 
as an impedance transformation' between the output 
impedance and the load impedance. This transforma- 
tion is encompassed in the impedance matching pro- 

15 cess described above. Capacitors are connected in 
each of the two leads of the secondary winding of 
the balun as high pass filters to attenuate low fre- 
quency signal components further. Some low fre- 
quency components can produce muscular reactions, 

20 i.e., twitching, in an animal being treated with the 
apparatus. Since the balun 11 provides a balanced 
output signal, it provides an opportunity to deter- 
mine whether any ground fault exists within the ap- 
paratus or relative to other apparatus that may be 

25 connected to an animal being treated. 

As shown in Figure 5, a ground fault detector 
12 is connected to the controller 3 of the micropro- 
cessor 2 for comparing the currents flowing in the 
two secondary leads of the balun. When, as intend- 

30 ed, the output signal is balanced, i.e., equal cur- 
rents flow in each of the secondary leads from the 
balun 11, no current will flow to ground when the 
signals on those lines are subtracted from each oth- 
er. A comparison in the controller 3 of the cur- 
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rents in those two lines senses any current flow to 
ground that could result from an imbalance, indicat- 
ing a possible interruption in a ground or a ground 
loop that might sub ject an animal being treated to 
5 risk of electrical shock. When, a net current flows 
to ground, a signal is sent by the controller 3 to a 
display 13 which displays an error message and to 
the pulse modulator 6 to disable pulse generation 
until corrective action is taken. 

10 The output leads of the balun are directly con- 

nected to the load. In one application of the appa- 
ratus, the load includes at least one wire inserted 
in a lumen and an electrode adjacent an occlusion 
where arcing takes place to remove the occlusion. 

15 The load may include a catheter for retrieving de- 
bris from the arcing, for infusing or extracting a 
fluid, and a second wire for bipolar arcing within 
the lumen. The load may include, as illustrated in 
Figure 1, a single wire 15, sometimes called a guide 

20 wire, including an electrode at a distal tip for 
monopolar arcing in the lumen. In that case, the 
second lead of the balun 11 is connected to a dis- 
persive electrode 14, sometimes called a ground pad, 
that is conventionally used in electrosurgery. That 

25 dispersive electrode is applied to a large area of 
the body of the subject being treated, usually in 
conjunction with a gel or other preparation to en- 
sure good electrical contact between the dispersive 
electrode and the subject. The load may be a scal- 

30 pel or other tissue cutting instrument that is used 
in conventional or percutaneous surgery. Of course, 
the load also includes the cable extending between 
the pulse generator and the wire, electrode, or 
scalpel where arcing occurs* 
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An embodiment of a guide wire 15 for monopolar 
arcing to ablate an occlusion and either vaporize 
plaque forming the occlusion or break plaque into 
such small particles that they do not adversely af- 
5 feet the circulatory system is shown in a cross-sec- 
tional view in Figure 6. That embodiment includes 
several sections. The longest section, lead section 
301, includes a flexible wire 302 of substantially 
uniform diameter. The wire 302 is a corrosion-re- 

10 sistant metal or alloy, such as stainless steel, 
titanium, nitinol, Elgiloy, Hastalloy, MP35N (a 
tradename of SPS Technologies), and the like, and 
has a length sufficient for the length of insertion 
of the guide wire 15 and connection to an external 

15 electrical lead that, in turn, is connected to the 
balun 11. Near the distal end of the guide wire, a 
tapered transition section 303 in which the diameter 
of the wire 302 gradually decreases toward the dis- 
tal end joins the lead section 301* Still nearer 

20 the distal end, a reduced diameter section 304 of 
the wire 302, of a substantially uniform diameter, 
joins the transition section 303. The transition 
and reduced diameter sections 303 and 304 increase 
the flexibility of the guide wire 15. These transi- 

25 tion and reduced diameter sections may be permanent- 
ly bent into a curved or hook shape for particular 
applications, such as angioplasty. 

A radiopaque wire 305 is wrapped in a coil 
around and transverse to the wire 302 along the 

30 transition and reduced diameter portions 303 and 
304. The radiopaque wire may be any material that 
is easily identified in an x-ray and is available in 
a very small diameter, such as gold, platinum, irid- 
ium, or tungsten. 
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An electrically insulating coating 306, prefer- 
ably a heat-shrinkable tubing, extends over the 
lead, transition, and reduced diameter sections 301, 
303, and 304. The insulating coating 306 is a medi- 
5 cally compatible electrical insulator, such as poly- 
urethane, polyimide, polyethylene, and tetrafluoro- 
ethylene, commonly referred to as TEFLON, a trade- 
mark of E. I. duPbnt* TEFLON is a preferred materi- 
al because it slides easily. 

10 The wire 302 extends beyond the reduced diame- 

ter section 304 to a distal section 307 of essen- 
tially the same diameter as the wire 302 in the lead 
section 301 and to an end portion 308 of reduced 
diameter. The end portion 308 is received in a bore 

15 309 of an electrically and thermally insulating tip 
310. A film 312 is disposed within the bore 309 in 
contact with the internal surface of the bore 309 
and the wire 302 , forming part of the bond of the 
wire 302 to the tip 310. The distal end of the wire 

20 302 is substantially flush with the distal end of 
the tip 310. The distal end of the wire 302, ex- 
posed at the distal end of the tip 310, forms an 
electrode for supporting a monopolar arc* The tip 
310 electrically and thermally isolates the remain- 

25 der of the guide wire from the arc . The distal end 
of the tip 310 preferably includes a blended series 
of radii to facilitate the insertion and advancement 
of the tip within a lumen or catheter. 

The tip 310 may be alumina or another ceramic, 

30 glass, or even a high temperature polymer bead, so 
long as the tip material is not damaged by arcing at 
the electrode. The tip must have good thermal insu- 
lation characteristics to support arcing without 
damage to the wire 302 or the insulation coating the 
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wire. When the tip 310 is ceramic, glass, or a sim- 
ilar material, the film 312 preferably includes a 
metallic film that is fired onto the internal sur- 
face of the bore 309 and a brazing composition that 
5 attaches the tip to the wire 302. Otherwise, the 
tip 310 is adhered to the wire 302 with a medically 
compatible bonding agent. The electrically insulat- 
ing coating 306 does not extend to or cover the dis- 
tal section 307 or reach the tip 310. Instead, a 

10 medical grade epoxy is applied to the distal section 
307 as an insulating coating 311 between the proxi- 
mal end of the tip 310 and the electrically insulat- 
ing coating 306. 

The guide wire 15 is not a catheter and does 

15 not include a lumen through which ablative debris 
can be extracted or through which fluid can be in- 
fused or withdrawn. However, the guide wire can be 
used in conjunction with a catheter, an endoscope, 
an angioscope, or other medical instruments within a 

20 body. In those applications, the guide wire is gen- 
erally contained within and is inserted through the 
other instrument. In fact, the guide wire may be 
advanced in a lumen, organ, or body cavity in ad- 
vance of the catheter, endoscope, or angioscope and 

25 function as a guide for the advancement of the other 
instrument. 

The guide wire 15 is manufactured by grinding 
the tapered section 303, the reduced diameter sec- 
tion 304, the distal section 307, and the end por- 
30 tion 308 on the stainless steel wire 302. After 
attaching the tip 310 to the end portion 308 , the 
radiopaque coil 305 is wound on the wire 302. Then, 
the insulating coating 306 is applied to the wire. 
Finally, the epoxy forming the insulating coating 
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311 is applied. The radiopaque coil permits the 
user of the guide wire to determine and follow its 
location within an animal being treated on an x-ray 
image but does not interfere with the flexibility of 
5 the transition section 303 of the wire 302. 

The thickness of the insulating coating 306 and 
the diameter of the wire 302 strongly influence the 
impedance per unit length of the guide wire and its 
operation. In an embodiment of the guide wire that 

10 has worked well , the outside diameter of the insu- 
lating coating 306 was about 0.84 millimeter (0.033 
inch). Generally, capacitance per unit length of 
the guide wire is inversely proportional to the log- 
arithm of the outside diameter of the insulation, 

15 i.e., the insulation 306, to the diameter of the 

wire 302 within the insulation. If the capacitance 
per unit length of the guide wire is too high, too 
much power may be dissipated along the length of the 
wire to support an arc at the electrode at the end 

20 of the wire. For example, at 6.78 MHz, arcs were 

not supported by guide wires having an impedance per 
unit length of 500 pF/m but arcing was produced at 
an electrode at the end of a guide wire having an 
impedance per unit length of no more than 200 pF/m. 

25 Generally, any guide wire impedances per unit length 
of up to about 200 pF/m will support the desired 
arcing at an electrode at the end of the guide wire 
in response to pulsed signals at 6.78 MHz. This 
range of impedances per unit length of the guide 

30 wire also assists in designing the. pulse generator 
since a range of guide wire impedances and matching 
output impedances can be established. When differ- 
ent frequency signals are used to generate the abla^ 
tive arc, the relative dimensions of the guide wire 
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elements may be changed. For example , at lower fre- 
quencies where the range of impedance per unit 
length of the guide wire is no longer so important, 
the guide wire can be made smaller. The smaller 
5 guide wire can be used for a larger number of proce- 
dures and can even reach into a heart for removing 
occlusions or performing other surgical procedures. 
Of course, regardless of other considerations, the 
insulation 306 must be sufficiently thick to protect 

10 a surgeon using the guide wire and the patient from 
electrical shock and sufficiently thin so that the 
insulated wire fits into small lumens. 

In use, the guide wire 15 or another wire or a 
monopolar or bipolar catheter is inserted in an ar- 

15 tery or vein and advanced to the location of the 

occlusion. The operator uses a control 16 for ini- 
tiating operation of the apparatus in conjunction 
with the display 13, as shown in the block diagram 
of Figure 1. The display 13 may be a multiple line 

20 cathode ray tube display or a liquid crystal display 
of a conventional type that is controlled by the 
controller 3 of the microprocessor 2 to display al- 
phanumeric information. The control 16 may be a 
touch screen, a track ball, a joy stick, or another 

25 means of selecting options from a menu appearing on 
the display 13. Alternatively, the control 16 may 
be a simple pushbutton switch or key pad that pre- 
pares the apparatus for an arcing sequence. When 
the operator has placed the wire in a desired loca- 

30 tion and is prepared to begin arcing, the switch 7 
is actuated. Typically, the switch 7 is a foot-op- 
erated switch, leaving the operator's hands free for 
controlling the positioning and advancing of the 
wire. Upon actuation of the switch, the apparatus 
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produces a train of pulses incorporating the contin- 
uous wave signal from the oscillator 5 and the modu- 
lation of the pulse modulator 6 and passes the train 
of pulses to the amplifier 8. Through the control- 
5 ler 3 , the amplifier 8 is controlled to generate the 
low energy signal which is supplied through the im- 
pedance tuner 9 and the balun 11 to the wire. At 
the direction of the controller 3, the impedance 
tuner 9 is tuned to the best impedance match between 

10 the output and load impedances provided that a cer- 
tain minimum impedance match is achieved. Once the 
impedance match is achieved , the amplifier 8. is 
switched to the high energy signal and a train of 
pulses of electrical energy is supplied to the guide 

15 wire or catheter so that arcing takes place at the 
electrode. Preferably, only a single train of ener- 
gy pulses is transmitted in response to each actua- 
tion of the switch 7. Upon the second and subse- 
quent actuations of the switch 7, the impedance tun- 

20 er 9 tests only a limited number of the total number 
of possible matching circuits to achieve the best 
impedance match whereupon the train of high energy 
electrical pulses is furnished by the amplifier 8 to 
the wire* 

25 When tests are carried out using the guide wire 

15 and a transparent phantom simulating an animal, 
the monopolar arc can be visually observed. At the 
same time, an acoustical signal resulting from the 
arcing occurring within a fluid can be heard. Like- 

30 wise, an electrical response is produced by the arc- 
ing. When the apparatus is used within an animal, 
the arc usually cannot be seen or heard but the 
electrical response to the arcing can be detected as 
an indication of the quality of energy that is dis- 
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sipated in the arc. The impedance tuning previously 
described ensures efficient energy transfer to the 
wire. By monitoring the electrical energy generated 
in response to the arc, the energy of the arc can be 
5 controlled, as necessary, to ensure that an adequate 
amount of energy is delivered in the arc to ablate 
an occlusion. 

As shown in Figure 1, in order to monitor the 
relative energy delivered to the arc, the electrical 

10 signal present on the wire as a consequence of the 
arcing is monitored by the signal processor 10 
through a filter 17 and an integrator 18. The fil- 
ter 17 is connected at a point of constant impedance 
within the apparatus, for example, between the im- 

15 pedance tuner 9 and the balun 11. 

Since the sampling point is subjected to both 
the relatively high energy signal supplied to the 
wire as well as a relatively weak signal propagating 
on the wire as a result of the arc during the energy 

20 pulse producing the arc, a low pass notch filter is 
employed to reject the fundamental and harmonic fre- 
quencies of the driving high energy signal. An ex- 
ample of such a filter is illustrated in Figure 7. 
The filter includes a first filter section compris- 

25 ing an inductor 320 connected in series with two 
parallel-connected capacitors 321 and 322 that are 
connected to ground. The capacitor 321 is a vari- 
able capacitor so that the resonant frequency of the 
first filter section can be tuned to the fundamental 

30 frequency of the pulsed signal. The second section 
of the filter, connected through an inductor to the 
first sectipn, includes a series-connected variable 
capacitor 323 and an inductor 324 that are connected 
to ground. These two reactive components are tuned 
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to the second harmonic of the pulsed signal supplied 
to the wire. Third. and fourth filter sections, sim- 
ilar to the first filter section, are serially con- 
nected to the second filter section through respec- 
5 tive inductors. The third filter section includes 
an inductor 325 connected in series to parallel-con- 
nected capacitors 326 and 327, capacitor 326 being 
variable in capacitance. The fourth filter section 
includes inductor 328 connected in series with par- 

10 allel-connected capacitors 329 and 330, capacitor 
329 being a variable capacitance element. The four 
filter sections provide a bandwidth sufficiently 
wide to attenuate the fundamental and second harmon- 
ic frequency as well as the side lobes of the pulsed 

15 energy. The resultant signal, so filtered, is rec- 
tified by a diode 331 and supplied to the signal 
processor 10 through an integrator 18. 

An example of an embodiment of the integrator 
18 is shown in Figure 8. The integrator of Figure 8 

20 is connected to the filter of Figure 7 through a 
coaxial cable which functions as an additional low 
pass filtering section. The integrator is conven- 
tional. An analog switch 350 is connected in the 
feedback path of an operational amplifier in paral- 

25 lei with the integrating capacitor 351. The inte- 
gration constant of the integrator is determined by 
the values of the input resistor 352 and the capaci- 
tor 351. The switch 350 r which responds to a signal 
from the controller 3, is normally closed. At the 

30 beginning of each pulse, the switch 350 is opened so 
that integration may take place and capacitor 351 
may be charged by the filtered signal applied to the 
input of the integrator. The integrator provides an 
output signal that is an analog representation of 
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the sum of the electrical signals produced by the 
arc at the electrode at the end of the wire, i.e., 
the relative energy produced in the arc. This sig- 
nal is passed through an amplifier 353 which in- 
5 creases the amplitude of the sum. At the conclusion 
of the pulse, switch 350 is closed so that the ca- 
pacitor 351 is discharged and prepared for the next 
pulse. In the meantime, the output signal from the 
integrator 18 is supplied to the signal processor 10 

10 where, preferably, the signal is converted to a dig- 
ital form in an analog-to-digital converter. That 
digital value is compared to a predetermined thresh- 
old value, which represents a relative energy that 
it is desired to deliver in the arc, in the control- 

15 ler 3. With the preferred pulse width and pulse 
interval, it is possible to measure the relative 
energy delivered in one pulse within a train of 
pulses and to make an adjustment of the gain of the 
amplifier 8 before the generation of the next pulse 

20 so that pulse-to-pulse adjustments can be made in 
the energy delivered in the arc during a single 
pulse train. The pulse energy may also be adjusted 
without altering pulse amplitude, i.e., the gain of 
the amplifier, since the total energy delivered in a 

25 pulse also depends on pulse width. In other words, 
pulse width, pulse position, and other pulse parame- 
ters may be changed to adjust the pulse energy to- 
ward a desired value. 

Although not illustrated in any of the figures, 

30 a power supply is required to supply the appropriate 
voltages and currents to the apparatus shown in Fig- 
ure 1. The power supply may be conventional al- 
though, because the power output of the apparatus is 
relatively high, requiring moderate power consump- 
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tion, the power supply preferably includes means for 
efficient power consumption. For example, the pri- 
mary transformer in the power supply may be a ferro- 
resonant transformer having a capacitor connected to 
5 one of the windings for resonance at the line fre- 
quency. 

The foregoing discussion, in some parts, de- 
scribes a power generator including features for 
generating a modulated pulse burst for electrosur- 

10 gery at a frequency of 6.78 MHz. The invention is 
not limited to operating at that frequency and, in 
fact, may be simplified by choosing a lower frequen- 
cy, for example, 750 kHz. When the lower frequency 
of about 750 kHz is employed r capacitive coupling 

15 between various elements is reduced. The reduced 
capacitive coupling reduces the necessity for ex- 
traordinary measures to ensure impedance matching 
between the guide wire load and the amplifier 8 in 
order to produce an arc at the guide wire reliably. 

20 Accordingly, at -the lower frequency of 750 kHz r the 
electrosurgical apparatus of Figure 1 can be simpli- 
fied by eliminating the impedance tuner 9, thereby 
reducing the complexity of the functions performed 
by the microprocessor 2. In other words, the imped- 

25 ance tuner, an embodiment of which is shown in Fig- 
ure 3, is not required at the lower frequency. As a 
result , the impedance tuning method illustrated in 
Figure 4 need not be performed. 

As in the method employing the higher frequency 

30 pulse bursts, bursts of relatively high energy puls- 
es are supplied at the lower frequency to the guide 
wire in order to produce arcing at the end of the 
guide wire. The peak envelope power of each of the 
high energy pulses is at least 1,000 watts and pref- 
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erably about 2,000 watts . On the other hand, the 
average continuous power produced by the pulse burst 
is less than 10 watts and preferably less than 5 
watts. In a specific example, each pulse burst 
5 includes 20 individual pulses, each pulse having a 
cosine squared shape and a duration of 200 microsec- 
onds, the pulse shape and pulse burst characteris- 
tics being controlled by the microprocessor 2. In 
this specific example, the 20 pulses are produced 

10 over a 40 millisecond duration, providing a 10 per- 
cent duty cycle, i.e., an "on" time, of 4 millisec- 
onds during the 40 millisecond period. After each 
pulse burst, there is a delay time of approximately 
1 second- With these timings, the average power 

15 during the 40 millisecond pulse burst is about 35 
watts and the continuous average power over a cycle 
including the delay time following the pulse burst 
is about 1 watt. The energy and timing of the puls- 
es reliably produce arcing at the end of the guide 

20 wire and effectively ablate occlusions and cut tis- 
sue that are directly adjacent the end of the guide 
wire. However, the relatively low average continu- 
ous energy results in negligible damage and very 
little heating of tissue only a short distance from 

25 the end of the guide wire. By contrast, in conven- 
tional electrosurgery, the average power employed is 
about 100 to 200 watts, resulting in substantial 
heating and even damage of tissue adjacent to the 
source of the electric arc. 

30 As discussed above, the use of the lower fre- 

quency arcing signal increases the degree of freedom 
in designing the guide wire because insulating mate- 
rials are more effective at lower frequencies. As a 
result, the thickness of the insulating jacket on 
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the guide wire can be reduced so that smaller diame- 
ter guide wires capable of reaching into smaller 
fluid-filled body cavities and organs, including the 
heart , according to the invention can be made and 
5 used effectively. 

As described, the invention includes several 
particularly important features. The apparatus in- 
cludes a highly flexible, electrically insulated 
guide wire with an electrically and thermally insu- 

10 lating tip that is easily advanced through a lumen, 
such as an artery or vessel f and that is easily 
identified in position because of its radiopaque 
winding adjacent the tip. The electrical energy 
source, in some embodiments, includes means for au- 

15 tomatically matching its output impedance to the 

load impedance presented by a wire with an attached 
electrode, the lumen in which the wire or catheter 
is disposed, and the environs, such as the liquid 
filling the lumen. The automatic impedance matching 

20 compensates for the changing load impedance condi- 
tions in the lumen and as the wire or catheter is 
advanced within the lumen, ensuring that efficient 
power transfer to the electrode takes place so that 
the desired ablation of an occlusion is achieved. 

25 The energy supplied to the ablating arc in each 

pulse is continually monitored to determine whether 
the desired level of energy is supplied by the arc 
in each pulse. Adjustments in the energy of pulses 
within a pulse train of electrical energy pulses is 

30 made by a means for measuring the relative energy of 
the arc, comparing that relative energy to a prede- 
termined value, and adjusting the gain of an ampli- 
fier from which the pulses are supplied. 


1. A guide wire for supporting monopolar arc- 
ing for cutting tissue and for ablating occlusions 
comprising a flexible metal wire including a distal 
end, an electrically insulating coating extending 
along the wire, and an electrically and thermally 
insulating tip having a distal end and attached to 
the wire, the wire extending through the electrical- 
ly and thermally insulating tip and forming an elec- 
trode at the distal ends of the wire and the elec- 
trically and thermally insulating tip. 

2. The guide wire of claim 1 including a radi- 
opaque coil wound on the wire proximate the 
electrically and thermally insulating tip. 

3. The guide wire of claim 1 wherein the tip 
includes a longitudinal bore having an internal sur- 
face and a film within the bore attaching a portion 
of the wire inserted into the bore to the electri- 
cally and thermally insulating tip. 

4. The guide wire of claim 1 including a sub- 
stantially constant diameter lead section, an ad- 
joining tapered portion of tapering, decreasing di- 
ameter, and a distal portion, substantially the same 
diameter as the lead section, contacting the elec- 
trically and thermally insulating tip. 

5. The guide wire of claim 1 wherein the 
electrically and thermally insulating tip is select- 
ed from the group consisting of ceramics, glasses, 
and high temperature polymers. 
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6. A method of cutting tissue and ablating 
occlusions including: 

inserting the end of a guide wire and part 
of the guide wire into one of a fluid-filled lumen, 
5 body cavity r and organ of- an animal; mid 

generating and applying a burst of rela- 
tively high energy electrical pulses, each pulse 
having a peak envelope power exceeding one thousand 
watts, the pulse burst having an average continuous 
10 power of less than ten watts, to the guide wire, 
thereby producing arcing at the end of the guide 
wire. 

7. The method, of claim 6 including generating 
15 a burst of pulses modulating a signal having a fre- 
quency of about 750 kHz. 

8 • The method of claim 6 including generating 
pulses, each pulse having a peak envelope power of 
20 about two thousand watts. 

9. The method of claim 6 including generating 
a burst of pulses having an average continuous power 
of less than five watts. 

25 

10. An electrosurgical apparatus for cutting 
tissue and for ablating occlusions comprising: 

means for selectively generating a train 
of relatively high energy and relatively low energy 
30 pulses of electrical energy for application to a 
wire having an attached electrode, the means for 
selectively generating having a variable output im- 
pedance, a load impedance comprising an impedance of 
the wire, the electrode, and their environs; 
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means for sensing the load impedance rela- 
tive to the output impedance in response to a train 
of low energy pulses applied to the wire and for 
adjusting the output impedance to match the load 
5 impedance in response to the sensed load impedance 
relative to the output impedance; and 

means for controlling the means for selec- 
tively generating and the means for sensing and ad- 
justing to generate a train of low energy pulses and 
10 to match the output impedance to the load impedance 
and for subsequently generating a train of high en- 
ergy pulses for producing an arc at the electrode to 
ablate the occlusion. 

15 11. The apparatus of claim 10 wherein the 

means for sensing and adjusting comprises a direc- 
tional coupler for monitoring the energy of the low 
energy pulses delivered to the load impedance as 
forward energy and the energy of the low energy 

20 pulses reflected from the load impedance as reflect- 
ed energy for comparing forward and reflected ener- 
gy- 

12. The apparatus of claim 10 wherein the 
25 means for sensing and adjusting comprises a plurali- 
ty of reactive electrical components switchably in- 
terconnect able with each other and connected between 
the amplifier and the output impedance for intercon- 
nection in response to the means for controlling to 
30 match the output impedance to the load impedance. 


13. The apparatus of claim 12 wherein the re- 
active components comprise a transformer including a 
winding having a plurality of taps and a plurality 
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of capacitors connectable to the taps and to the 
winding for producing a plurality of impedances for 
matching the output impedance to the load impedance, 

5 14. The apparatus of claim. 10 including means 

for measuring relative electrical energy produced by 
an arc at the electrode by a high energy pulse, 
means for comparing the relative energy to a prede- 
termined value to determine an energy difference, 
10 and means for adjusting the electrical energy of a 
subsequent pulse in response to the energy differ- 
ence to reduce the energy difference for the subse- 
quent pulse toward zero. 

15 15. The apparatus of claim 14 wherein the 

means for measuring includes a filter for rejecting 
a primary frequency and at least one harmonic fre- 
quency of the train of energy pulses. 

20 16. The apparatus of claim 15 wherein the 

means for measuring includes an integrator connected 
to and receiving signals from the filter • 

17. The apparatus of claim 14 wherein the 
25 means for comparing includes an analog-to-digital 
converter for converting the relative electrical 
energy into a digital value for comparison with the 
predetermined value. 

30 18, An electrosurgical apparatus for cutting 

tissue and for ablating occlusions comprising: 

means for generating a train of variable 
energy pulses of electrical energy for application 
to a wire having an attached electrode for producing 
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an arc; 

means for measuring relative electrical 
energy produced by an arc at the electrode produced 
by a pulse; 

5 means for comparing the relative energy to 

a predetermined value to determine an energy differ- 
ence; and 

means for adjusting the electrical energy 
of a subsequent pulse in response to the energy dif- 
10 ference to reduce the energy difference for the sub^ 
sequent pulse toward zero. 

19. The apparatus of claim 18 wherein the 
means for measuring includes a filter for rejecting 

15 a primary frequency and at least one harmonic fre- 
quency of the train of energy pulses. 

20. The apparatus of claim 18 wherein the 
means for measuring the electrical energy includes 

20 an integrator. 

21. The apparatus of claim 18 wherein the 
means for comparing includes an analog-to-digital 
converter for converting the relative electrical 

25 energy into a digital value for comparison with the 
predetermined value. 
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